Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in the world. The incidence of HCC ranks sixth among all cancers with approximately 600,000 people affected. 1 HCC is among a group of tumors that have the highest mortality rate. 1 Since the early symptoms of liver cancer are not obvious, early diagnosis is difficult. When diagnosed, HCC is almost at the intermediate or the advanced stage. Clinical treatments for liver cancer include liver resection, liver transplantation, chemotherapy, and radiotherapy. For liver cancer, the rate of 5-year survival is very low because of poor response to various kinds of treatments. Development of new cancer treatments is gradually becoming a research hotspot in recent years. Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), a member of the TNF superfamily, was first cloned from human peripheral blood and heart cDNA library. 6 Similar to other TNFs, when bound with its receptor, TRAIL can induce tumor cell apoptosis. 7, 8 So far, five receptors, DR4, DR5, Decoy receptor 1 (DcR1), DcR2, and OPG, have been found. [9] [10] [11] [12] Binding of DR4 and DR5 to TRAIL activates the death receptor pathway, produces DISC, and activates caspase-8, resulting in the activation of caspase-3, caspase-6, and caspase-7, inducing death pathways into mitochondria, and further activating the Bcl-2 family and other molecules. This process induces apoptosis. 13 The TRAIL pathway kills tumor cells but is harmless to normal cells, which makes it a more promising treatment target. 14 However, many tumor cells show tolerance to TRAIL, 15 and liver cancer is no exception 16 as there is sufficient evidence showing that various liver cancer cell lines have different degrees of tolerance to TRAIL. Therefore, reducing the tolerance of TRAIL will be of great help to the development of new treatments for HCC.
DcR3, a member of the soluble TNF receptor (TNFR) superfamily, sharing a similar sequence with OPG, TNF2, and Fas, can competitively bind to FasL, TL1A, and LIGHT, inhibit apoptosis, modulate immune function, and induce angiogenesis. [17] [18] [19] DcR3 has been found to be highly expressed in many malignant tumors. [20] [21] [22] [23] Silencing of DcR3 can affect the proliferation, invasion, and metastasis ability of tumor cells and sensitize tumor cells to Fas-mediated apoptosis. 24, 25 A previous study has reported that reduction of DcR3 can increase the sensitivity of pancreatic cancer cells to TRAIL-mediated apoptosis. 25 However, DcR3 has not been studied in HCC cell lines. The purpose of the present study was to investigate whether reduction of DcR3 can potentiate TRAIL-mediated apoptosis in HCC cells and to explore the molecular mechanisms of this process.
Materials and methods cell culture
Human HCC cell lines HepG2, Huh-7, and BEL-7402 were purchased from the Cell Bank of Shanghai Institute of Biochemistry and Cell Biology (Shanghai, People's Republic of China). MHCC97H and SMCC7721 were purchased from the cell bank of Zhongshan Hospital, Fudan University (Shanghai, People's Republic of China). Hep3B and LO-2 were purchased from the Cancer Hospital of the Chinese Academy of Medical Sciences (Beijing, People's Republic of China). Cells were maintained in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum (Gibco, Waltham, MA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen, Carlsbad, CA, USA) in 5% CO 2 at 37°C.
antibodies and reagents
DcR3 polyclonal antibody, recombinant human TRAIL (rhTRAIL), and neutralizing antibodies against TRAIL-R1 (DR4) and TRAIL-R2 (DR5) were purchased from R&D Systems (Minneapolis, MN, USA). Rat monoclonal antibodies against Mcl-1, Bcl-XL, Bax, survivin, IAP-2, DR4, DR5, and GAPDH were purchased from Abcam (Shanghai, People's Republic of China). Ac-DEVD-AMC, Ac-IETD-AFC, Ac-LEHD-AMC, caspase-8 inhibitor IETD-CHO, and caspase-9 inhibitor LEHD-CMK were purchased from BD Biosciences (San Jose, CA, USA).
lentiviral shrna-mediated Dcr3 silencing
Target shDcR3 was cloned into pLKO.1.-CMV vector. Target and nontarget vectors were packaged into lentiviral particles by BIOREE (Beijing, People's Republic of China). Each particle was transduced into appropriate human liver cancer lines and selected by antibiotic resistance. These clones were screened using quantitative real-time polymerase chain reaction (PCR) for DcR3 expression, and the results were confirmed by enzyme-linked immunosorbent assay (ELISA).
elisa and reverse transcriptase Pcr (rT-Pcr)
Supernatants of cell culture medium were collected and analyzed by sandwich ELISA using DcR3 ELISA Kit (R&D Systems) according to the manufacturer's instructions. For DcR3 messenger RNA level, total RNA was extracted with Trizol reagent (Invitrogen, Beijing, People's Republic of China) according to the manufacturer's instructions. cDNA was synthesized from total RNA with Goscript™ Reverse Transcription System (Promega, Beijing, People's Republic of China) and random hexamers. PCR was performed using Bio-Rad PCR System (BIORAD, Beijing, People's Republic of China). Relative quantification was determined by normalization to the amount of actin. Primers used for real-time PCR, 5′-CTCTTCCTCCCATGACAC-3′ and 5′-CTGGAAAGCCACAAAGTC-3′ for DcR3 (112 bp), and 5′-ccaaccgcgagaagatga-3′ and 5′-ccagaggcgtacagggatag-3′ for actin (97 bp), were designed by Primer Express 3.0 and synthesized by Invitrogen, Waltham, MA, USA. PCRamplified products were examined by electrophoresis on 2% agarose gel with ethidium bromide staining. cell cycle and apoptosis analysis Apoptotic changes were detected by fluorescein isothiocyanate (FITC)-Annexin V staining. Propidium iodide (PI) was used to discriminate between apoptotic and necrotic cells among the Annexin V-positive cells.
Cells were treated with TRAIL (100 ng/mL) or vehicle dimethyl sulfoxide (DMSO) for 24 h and washed and resuspended in 100 μL binding buffer solution (Annexin-V-FITC Kit, Cwbiotech, Beijing, People's Republic of China). Annexin V-FITC (5 μL) and PI (5 μL) were then added to the cell suspension for a 10-min incubation followed by fluorescence-activated cell sorting (FACS) analysis. For cell cycle analysis, cells were harvested and fixed using 75% ethanol overnight at 4°C. Cells were then incubated with RNase A for 30 min at 37°C and stained with PI. Cell cycle was determined by flow cytometry.
caspase assays
Substrates Ac-DEVD-AMC, Ac-IETD-AFC, and Ac-LEHD-AMC were used to assess the activities of caspase-3, caspase-8, and caspase-9 in protein extractions using a fluorimeter according to the manufacturer's instructions (BD Biosciences).
Western blotting
Cells were lysed using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, People's Republic of China), and the protein concentrations were quantified using the BCA Kit (Cwbiotech, Beijing, People's Republic of China). Equal amounts of proteins (40 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 5% nonfat milk at room temperature for 1 h and then incubated with individual primary antibody overnight at 4°C. After extensive washes, the secondary antibody (Abcam, Beijing, People's Republic of China) was added to the system. Finally, immunoreactive protein bands were determined using the enhanced chemiluminescence system (Thermo Fisher Scientific, Waltham, MA, USA).
Treatment of cells with neutralizing antibodies
HepG2-LV-SiDcR3 cells were treated with neutralizing antibodies of DR4 and DR5 for 1 h and incubated with TRAIL (100 ng/mL) for 24 h.
statistical analysis
All data are expressed as mean ± standard deviation. Oneway analysis of variance test or unpaired Student's t-test was used to perform comparison in all groups. Differences were considered significant at P,0.05. Three independent experiments were performed for each treatment. All statistical analyses were conducted using Graphpad Prism 6.0 (Graphpad Software, La Jolla, CA, USA).
Results

expression of Dcr3-and Trail-mediated apoptosis
The expression of DcR3 was measured using six liver cancer cell lines, HepG2, Huh-7, BEL-7402, Hep3B, MHCC97H, and SMCC7721 and human embryonic liver cell line LO-2. As shown in Figure 1A , ELISA and RT-PCR confirmed that expression of DcR3 increased to a different extent in six liver cancer cell lines compared with the normal liver cell line LO-2; HepG2 had the highest increase and BEL-7402 had the lowest (P,0.05). We chose HepG2 and BEL-7402 for further investigation. Cells were incubated in TRAIL 100 ng/mL for 24 h, as shown in Figure 1B . Apoptosis analysis with Annexin V/PI staining revealed that the degree of apoptosis of HepG2 was lower than that of BEL-7402. According to the findings of a previous study, 26 both of the HCC cell lines are tolerant to TRAIL. In this analysis, we found that the sensitivity of TRAIL-mediated apoptosis was negatively correlated to the expression of DcR3. Therefore, we hypothesized that DcR3 is a key factor of the resistance of liver cancer cell lines to TRAIL. HCC cell lines treated with different levels of TRAIL (0, 25, 50, 100 ng/mL) for 24 h were used to measure cell viability by CCK-8 assay. As showed in Figure 3B , cell viability of HepG2-LV-SiDcR3 and BEL-7402-LV-SiDcR3 was restrained significantly (P,0.05) in a dose-dependent manner compared with control cells. Annexin-V/PI assay was used to measure apoptosis in HepG2 cell lines treated with TRAIL (100 ng/mL, 24 h); DMSO was used as control. Data demonstrated that apoptosis increased significantly ( Figure 2B ) in HepG2-LV-SiDcR3/TRAIL (P,0.05). Cell cycle was measured by flow cytometry; compared with HepG2-LV-NC/TRAIL, a clear increase in G0/G1 phase cells was observed in HepG2-LV-SiDcR3/TRAIL. These results suggested that knockdown of DcR3 expression could enhance the apoptotic effects of TRAIL on HCC cells.
siDcr3 combined with Trail activated extrinsic and intrinsic signaling pathways
To explore the mechanism of cell death involved in SiDcR3/ TRAIL, we first investigated whether the synergistic effect of DcR3/TRAIL was due to the increase of caspase activity. The activities of caspases-3, -8, and -9 increased obviously in HepG2-LV-SiDcR3/TRAIL (Figure 4 ) compared with the treatment of SiDcR3 or TRAIL (100 ng/mL) alone. This suggested that downregulation of DcR3 combined with TRAIL could activate both extrinsic and intrinsic signaling pathways. Then, we explored the role of caspase-8 and caspase-9 in SiDcR3/TRAIL-caspase activation. HepG2-LV-NC and HepG2-LV-SiDcR3 were incubated in the presence or 
Downregulation of Dcr3 combined with Trail increased the level of Dr5 (Trail-r2)
Previous studies showed that TRAIL receptors DR4 (TRAIL-R1) and DR5 (TRAIL-R2) play a key role in TRAIL resistance in cancer cells. 27 Therefore, levels of DR4 and DR5 were examined after treatment with TRAIL (100 ng/mL) for 24 h in HepG2, HepG2-LV-NC, and HepG2-LV-SiDcR3; DMSO was used as control. As shown in Figure 6A , the level of DR5 was upregulated in HepG2-LV-SiDcR3, while the level of DR4 showed no significant change. In addition, SiDcR3/TRAIL caused a greater increase of DR5 than SiDcR3 or TRAIL alone. Next, we explored whether the upregulation of DR5 was essential. HepG2-LV-SiDcR3 cells were pretreated with neutralizing antibodies to neutralize DR4 and DR5 before treatment with TRAIL (100 ng/mL, incubated for 24 h). We found that ( Figure 6B ) neutralizing DR5 could decrease the apoptosis of HepG2 measured by Annexin-V/PI assay, but neutralizing DR4 had no obvious effect. In addition, neutralizing DR5 pretreatment could also suppress caspase-8 activation induced by SiDcR3/TRAIL. These results indicated that downregulation of DcR3 could enhance TRAIL-mediated apoptosis through upregulation of DR5 (TRAIL-R2), and SiDcR3/TRAIL might be a potential method to treat HCC.
Discussion
DcR3 is expressed highly in a wide variety of tumors such as gastric cancer, 28 colon cancer, 20 breast cancer, 29 bladder cancer, 30 and liver cancer. 31 It has been demonstrated that overexpression of DcR3 was correlated with tumor differentiation, lymph node metastasis, as well as TNM stage and prognosis, 32 while downregulation of DcR3 could inhibit the proliferation and migration of tumor cells and increase the apoptosis of tumor cells. Our previous study 33 found that the expression of DcR3 in colon cancer cell line SW480 was significantly higher than in normal cells and that the proliferation and migration of colon cancer cells were found to be inhibited when DcR3 was downregulated 
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Downregulation of Dcr3 sensitizes hepatocellular carcinoma cells by siDcR3. In the present study, we demonstrated that the expression of DcR3 in HCC cells was overexpressed compared with normal liver cells. DcR3 has been proven to be one of the ligands binding to FasL. 34 Further, it was demonstrated that DcR3 regulated the sensitivity of Fas-mediated apoptosis. Zhou et al, 24 in the study of pancreatic cancer cells, found that the proliferation of pancreatic cell lines Panc-1 and SW1990 was significantly inhibited by SiDcR3 transfection, the sensitivity of cancer cells to Fas-mediated apoptosis was upregulated compared with the control group, and the tumor cells in G0/G1 phase were significantly increased. TRAIL and FasL showed similar findings; some studies 25 have proven that downregulation of DcR3 in pancreatic cancer cell lines AsPC-1 and MiaPaCa can upregulate the sensitivity of TRAIL-mediated apoptosis and upregulate the apoptotic protein cleaved-PARP. Immunoprecipitation studies have indicated that DcR3 might be a ligand of TRAIL, 25 and so silencing of DcR3 can increase the binding of TRAIL, DR4 (TRAIL-R1), and DR5 (TRAIL-DR5), so as to induce apoptosis. Based on this, we demonstrated that downregulation of DcR3 could sensitize liver cancer cells HepG2 and BEL-7402 to TRAIL-mediated apoptosis, increase HepG2 cells in G0/G1 phase, and inhibit cell proliferation.
TRAIL, a newly discovered member of the TNF superfamily, is different from TNF and Fas. It only has effects on tumor cell apoptosis and is nontoxic for normal cells. TRAIL can produce strong apoptosis in a wide variety of tumor cells, but Wang et al 26 found that almost all of the Figure 4 siDcr3-combined Trail activated extrinsic and intrinsic apoptotic signaling pathways. Notes: (A-F): siDcr3-combined Trail activated extrinsic and intrinsic apoptotic signaling pathways, inhibited caspase-8, and prevented Dcr3-Trail-induced cascade activation. hepg2 cells were pretreated with 50 μM ac-ieTD-chO or 50 μM ac-lehD-cMK 20 min before treatment with Trail (100 ng/ml, for 24 h). caspase-3, caspase-8, and caspase-9 activity was determined fluorometrically in cell extracts using Ac-DEVD-AMC, Ac-IETD-AFC, and Ac-LEHD-AMC as flurogenic substrate, respectively. Abbreviations: Dcr, decoy receptor; h, hours; Trail, tumor necrosis factor-related apoptosis-inducing ligand.
OncoTargets and the antiapoptotic proteins or inhibition of the proapoptotic proteins of Bcl-2 family can result in tumor cell resistance to TRAIL-mediated apoptosis. [37] [38] [39] It has also been shown that inhibition of Bcl-2 proapoptotic members can increase the sensitivity of tumor cells to TRAIL. Our findings indicated that SiDcR3/TRAIL could decrease the expression level of Bcl-2, Bcl-xl, and Mcl-1 and upregulate the level of Bax. IAP protein can inhibit apoptosis through downregulating the catalytic activity of caspase-3 and caspase-7 or inhibiting the activity of caspase-9 in apoptotic bodies. 40 Overexpression of IAP protein was found in tumor cells that were tolerant to TRAIL-mediated apoptosis, and reduction of IAP-2 could enhance the sensitivity of tumor cells to TRAIL. 41, 42 We found that SiDcR3/TRAIL could reduce the expression of IAP-2 in HepG2. Similarly, it has been found that overexpression of survivin, a member of the proapoptotic proteins, can also contribute to tumor cell resistance to TRAIL, whereas downregulation of survivin 43 may increase the sensitivity of tumor cells to TRAIL, and our study showed the same results.
Apoptosis is also called programmed cell death (Figure 7) , and normal apoptosis contributes to the balance of the organism. Disorder of apoptosis will lead to the occurrence of tumor, and the anticancer effect of anticancer drugs is mainly through inducing tumor cell apoptosis. 44 There are two ways to activate apoptosis, 45 the extrinsic apoptotic pathway (death receptor pathway) and the intrinsic apoptotic pathways (mitochondrial pathway and endoplasmic reticulum pathway). Both of the extrinsic and intrinsic apoptotic pathways are controlled by the activity of caspase. Extrinsic pathway is activated through the binding of death receptor and ligand on cell surface, which can produce Fas-associated death domain and activate caspase-8, then directly activate caspase-3 or caspase-7, and further activate the intrinsic apoptosis pathway. Studies demonstrated that the activation of caspase-8 is necessary for the activation of apoptosis, and downregulation or missing of caspase-8 will contribute to TRAIL resistance. 46, 47 We found that SiDcR3/TRAIL can activate caspase-3, caspase-8, and caspase-9, implying activation of the intrinsic and extrinsic apoptotic pathways in HepG2. Interestingly, when caspase-8 inhibitor IETD-CHO was used in the treatment, the apoptosis of HCC decreased significantly, which indicated that this specific apoptosis was mainly through death receptor pathway dependent on caspase-8.
DR4 and DR5 are receptors of TRAIL, and binding of TRAIL and DR4 or DR5 can induce apoptosis by formation of a polymer. Previous studies found that missing DR4 or DR5 in tumor cells contributed to the resistance to TRAIL, 48 and increasing the expression of DR4/DR5 could enhance TRAIL-mediated apoptosis in tumor cells. 49 Weissinger et al 50 found that DcR3 promoted adhesion, migration, and invasiveness in RCC cells, indicating that the expression of DcR3 could be regulated by PI3K/AKT, NFAT, and SP-1, and inhibiting of DFAT and SP-1 could decrease the expression of DcR3. Yoshida and Sakai 51 demonstrated that SP1 could increase the expression of DR5 (TRAIL-R2), but that other members of TNFR showed no change, which suggested that DR5 might be related to DcR3. We first found that SiDcR3 in HepG2 could increase the level of DR5; later, when we incubated the cells with DR5 neutralizing antibodies, the apoptosis decreased obviously, and the activity of caspase-8 declined at the same time. These findings confirmed that SiDcR3 enhanced TRAIL-mediated apoptosis by increasing DR5 level.
A previous study 52 has found that upregulation of DcR3 enhances the sensitivity of TRAIL-mediated apoptosis and increases the level of DR5. Unexpectedly, our findings were the opposite. A possible reason is that the findings are associated with cell types, which illustrated the difference between normal cells and tumor cells. Without doubt, this needs further validation.
Conclusion
In summary, SiDcR3 in HepG2 could enhance the sensitivity of TRAIL-mediated apoptosis through upregulation of DR5, and this may provide a theoretical basis for developing new treatment for liver cancer. 
